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Two New Laws of Nature

Electroweak Theory
+

Quantum Chromodynamics
+

Quarks & leptons as fundamental constituents

Standard Model of Particle Physics
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Our Picture of Matter 
Pointlike (r ≤ 10−18 m) quarks and leptons
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Our Picture of Matter
Pointlike (r ≤ 10−18 m) quarks and leptons
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Our Picture of Matter

Interactions: SU(3)c ⊗ SU(2)L ⊗ U(1)Y gauge symmetries
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Pointlike (r ≤ 10−18 m) quarks and leptons

8 gluons· W±· Z0· γ
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Gravitation mostly set aside

6



Highly idealized
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Many tensions,
puzzles,

outstanding questions
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The World’s Most Powerful Microscopes
nanonanophysics

Transverse momenta: 1.3 TeV + 1.2 TeV
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Fermion Masses

Running mass m(m) … m(U)
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Quark family patterns: generations

Veltman: Higgs boson knows something we don’t know!
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Neutrino family patterns

ν1

ν2

ν3
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Neutrino Masses
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New Law of Nature #1

Quantum chromodynamics (QCD): 
color symmetry among quarks
red· green· blue gluons
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Quantum Chromodynamics

Dynamical basis for quark model

Gluons (vector force particles) mediate 
interactions among the quarks and experience 
strong interactions.

Contrast photons, which mediate interactions 
among charged particles, not among themselves.

Quark, gluon interactions ➾ nuclear forces

15



Quantum Chromodynamics

Asymptotically free theory

Many successes in perturbation theory to 1 TeV

Growing understanding: nonperturbative regime 
Quarks & gluons confined: evidence, no proof

No structural defects, but strong CP problem
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Evolution of the strong coupling “constant”
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mud, corresponding toMp ≅ 135MeV, are difficult.
They need computationally intensive calculations,
withMp reaching down to 200 MeVor less.

5) Controlled extrapolations to the contin-
uum limit, requiring that the calculations be
performed at no less than three values of the
lattice spacing, in order to guarantee that the
scaling region is reached.

Our analysis includes all five ingredients
listed above, thus providing a calculation of the
light hadron spectrum with fully controlled sys-
tematics as follows.

1) Owing to the key statement from renor-
malization group theory that higher-dimension,
local operators in the action are irrelevant in the
continuum limit, there is, in principle, an un-
limited freedom in choosing a lattice action.
There is no consensus regarding which action
would offer the most cost-effective approach to
the continuum limit and to physical mud. We use
an action that improves both the gauge and
fermionic sectors and heavily suppresses non-
physical, ultraviolet modes (19). We perform a
series of 2 + 1 flavor calculations; that is, we
include degenerate u and d sea quarks and an
additional s sea quark. We fix ms to its approxi-
mate physical value. To interpolate to the phys-
ical value, four of our simulations were repeated
with a slightly different ms. We vary mud in a
range that extends down to Mp ≈ 190 MeV.

2) QCD does not predict hadron masses in
physical units: Only dimensionless combinations
(such as mass ratios) can be calculated. To set the
overall physical scale, any dimensionful observ-
able can be used. However, practical issues in-
fluence this choice. First of all, it should be a
quantity that can be calculated precisely and
whose experimental value is well known. Sec-
ond, it should have a weak dependence on mud,
so that its chiral behavior does not interfere with
that of other observables. Because we are con-
sidering spectral quantities here, these two con-
ditions should guide our choice of the particle
whose mass will set the scale. Furthermore, the
particle should not decay under the strong in-
teraction. On the one hand, the larger the strange
content of the particle, the more precise the mass
determination and the weaker the dependence on
mud. These facts support the use of theW baryon,
the particle with the highest strange content. On
the other hand, the determination of baryon dec-
uplet masses is usually less precise than those of
the octet. This observation would suggest that
the X baryon is appropriate. Because both the
W and X baryon are reasonable choices, we
carry out two analyses, one withMW (theW set)
and one withMX (the X set). We find that for all
three gauge couplings, 6/g2 = 3.3, 3.57, and 3.7,
both quantities give consistent results, namely
a ≈ 0.125, 0.085, and 0.065 fm, respectively. To
fix the bare quark masses, we use the mass ratio
pairs Mp/MW,MK/MW or Mp/MX,MK/MX. We
determine the masses of the baryon octet (N, S,
L, X) and decuplet (D, S*, X*, W) and those
members of the light pseudoscalar (p, K) and

vector meson (r, K*) octets that do not require
the calculation of disconnected propagators.
Typical effective masses are shown in Fig. 1.

3) Shifts in hadron masses due to the finite
size of the lattice are systematic effects. There
are two different effects, and we took both of
them into account. The first type of volume de-
pendence is related to virtual pion exchange be-
tween the different copies of our periodic system,
and it decreases exponentially with Mp L. Using
MpL >

e
4 results in masses which coincide, for

all practical purposes, with the infinite volume
results [see results, for example, for pions (22)
and for baryons (23, 24)]. Nevertheless, for one
of our simulation points, we used several vol-
umes and determined the volume dependence,
which was included as a (negligible) correction at
all points (19). The second type of volume de-
pendence exists only for resonances. The cou-
pling between the resonance state and its decay
products leads to a nontrivial-level structure in
finite volume. Based on (20, 21), we calculated
the corrections necessary to reconstruct the reso-
nance masses from the finite volume ground-
state energy and included them in the analysis
(19).

4) Though important algorithmic develop-
ments have taken place recently [for example

(25, 26) and for our setup (27)], simulating di-
rectly at physical mud in large enough volumes,
which would be an obvious choice, is still ex-
tremely challenging numerically. Thus, the stan-
dard strategy consists of performing calculations
at a number of larger mud and extrapolating the
results to the physical point. To that end, we use
chiral perturbation theory and/or a Taylor expan-
sion around any of our mass points (19).

5) Our three-flavor scaling study (27) showed
that hadron masses deviate from their continuum
values by less than approximately 1% for lattice
spacings up to a ≈ 0.125 fm. Because the sta-
tistical errors of the hadron masses calculated in
the present paper are similar in size, we do not
expect significant scaling violations here. This is
confirmed by Fig. 2. Nevertheless, we quantified
and removed possible discretization errors by a
combined analysis using results obtained at three
lattice spacings (19).

We performed two separate analyses, setting
the scale with MX and MW. The results of these
two sets are summarized in Table 1. The X set is
shown in Fig. 3. With both scale-setting proce-
dures, we find that the masses agree with the
hadron spectrum observed in nature (28).

Thus, our study strongly suggests that QCD
is the theory of the strong interaction, at low

Fig. 3. The light hadron
spectrum of QCD. Hori-
zontal lines and bands are
the experimental values
with their decay widths.
Our results are shown by
solid circles. Vertical error
bars represent our com-
bined statistical (SEM) and
systematic error estimates.
p, K, and X have no error
bars, because they are
used to set the light quark
mass, the strange quark
mass and the overall
scale, respectively.

Table 1. Spectrum results in giga–electron volts. The statistical (SEM) and systematic uncertainties
on the last digits are given in the first and second set of parentheses, respectively. Experimental
masses are isospin-averaged (19). For each of the isospin multiplets considered, this average is
within at most 3.5 MeV of the masses of all of its members. As expected, the octet masses are more
accurate than the decuplet masses, and the larger the strange content, the more precise is the
result. As a consequence, the D mass determination is the least precise.

X Experimental (28) MX (X set) MX (W set)
r 0.775 0.775 (29) (13) 0.778 (30) (33)
K* 0.894 0.906 (14) (4) 0.907 (15) (8)
N 0.939 0.936 (25) (22) 0.953 (29) (19)
L 1.116 1.114 (15) (5) 1.103 (23) (10)
S 1.191 1.169 (18) (15) 1.157 (25) (15)
X 1.318 1.318 1.317 (16) (13)
D 1.232 1.248 (97) (61) 1.234 (82) (81)
S* 1.385 1.427 (46) (35) 1.404 (38) (27)
X* 1.533 1.565 (26) (15) 1.561 (15) (15)
W 1.672 1.676 (20) (15) 1.672
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Light hadron spectrum with dynamical fermions

BM
W
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M78· SDSS

Lattice QCD: quark confinement origin of nucleon mass
has explained nearly all visible mass in the Universe
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New Law of Nature #2
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Electroweak theory:
family symmetry
u ↔ d ; ν ↔ e ; …  

weak bosons (W+, W–, Z0) + photon
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Electroweak Theory

To good approximation …
3-generation V–A

Flavor-changing neutral currents suppressed
Quark mixing matrix describes CP violation

Gauge symmetry validated in e+e- → W+W–

Tested as quantum field theory at per-mille level
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Weak interactions, electromagnetism 
seem so different …

Weak Electromagnetic

range: 1% proton size infinite range

W: 90 × proton mass massless photon

How can they share a common origin (symmetry)?
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Symmetry of laws �⇒ symmetry of outcomes
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Symmetry of laws �⇒ symmetry of outcomes

Pearl in bottle
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Gauge symmetry (group-theory structure) tested in

e+e− → W+W−

σ W
W
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Extended quark–lepton families: 
proton decay!

Coupling constant unification?

A Unified Theory?
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Charge screening behavior of electrodynamics
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Charge screening behavior of electrodynamics
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Figure 3: Comparison of LEP results on the measurement of the running of
the electromagnetic coupling with QED predictions. The treatment of data
and the meaning of the symbols is discussed in the last section of the text.
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Color screening 
from quark pairs, 
camouflage from 

gluon cloud.

Color antiscreening behavior of chromodynamics
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SU(3)c

SU(2)L

U(1)Y

log10

�
E

1 GeV

�

1/
α

60

40

20

0 5 10 15

Unification of Forces?
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SM: 7/2

MSSM: 3/2

Might LHC see the change in evolution?
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Similar change in sin2θW =  α/α2
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Symmetry & Disorder

2-d Ising Model of a Ferromagnet

34



35



36



37



Meissner Effect
hidden EM symmetry

Superconductivity suggests
a field that permeates all of space
could hide electroweak symmetry

38



Massive Photon? Hiding Symmetry

Recall 2 miracles of superconductivity:

No resistance . . . . . . Meissner effect (exclusion of B)

Ginzburg–Landau Phenomenology (not a theory from first principles)

normal, resistive charge carriers . . . . . . + superconducting charge carriers

Order Parameter  ψ
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T  < T  T  TcTT

Order Parameter  ψ

ψ0

B = 0: Gsuper(0) = Gnormal(0) + α |ψ|2 + β |ψ|4

T > Tc : α > 0 〈|ψ|2〉0 = 0

T < Tc : α < 0 〈|ψ|2〉0 #= 0

Chris Quigg (Fermilab) The Standard Model and Its Problems ΦSM · Maria in der Aue 38 / 265
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In a nonzero magnetic field . . .

Gsuper(B) = Gsuper(0) +
B2

8π
+

1

2m∗

∣∣∣∣−i!∇ψ −
e∗

c
Aψ

∣∣∣∣
2

e∗ = −2
m∗

}
of superconducting carriers

Weak, slowly varying field: ψ ≈ ψ0 $= 0, ∇ψ ≈ 0

Variational analysis ! wave equation of a massive photon

Photon – gauge boson – acquires mass

λ−1 = e!|〈ψ〉0|/
√

m!c2

within superconductor

origin of Meissner effect

Chris Quigg (Fermilab) The Standard Model and Its Problems ΦSM · Maria in der Aue 39 / 265
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Higgs
Kibble      Guralnik        Hagen       Englert    Brout 

Spontaneous Breaking of Gauge Symmetry (1964)
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Spontaneous Breaking of Gauge Symmetry
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Hiding EW Symmetry

Higgs mechanism: relativistic generalization of Ginzburg-Landau

superconducting phase transition

Introduce a complex doublet of scalar fields

φ ≡
�

φ+

φ0

�
Yφ = +1

Add to L (gauge-invariant) terms for interaction and propagation of
the scalars,

Lscalar = (Dµφ)†(Dµφ)− V (φ†φ),

where Dµ = ∂µ + i
g �

2
AµY + i

g
2
�τ · �bµ and

V (φ†φ) = µ2(φ†φ) + |λ| (φ†φ)2

Add a Yukawa interaction LYukawa = −ζe
�
R(φ†L) + (Lφ)R

�

Chris Quigg (FNAL) Potential Discoveries at the LHC Swieca XVI · 7–11.2.2011 31 / 177
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“Fifth Force” determines potential

46



Arrange self-interactions so vacuum corresponds to a

broken-symmetry solution: µ2 < 0

Choose minimum energy (vacuum) state for vacuum expectation value

�φ�0 =

�
0

v/
√

2

�
, v =

�
−µ2/ |λ|

Hides (breaks) SU(2)L and U(1)Y

but preserves U(1)em invariance

Invariance under G means e iαG�φ�0 = �φ�0, so G�φ�0 = 0

τ1�φ�0 =

„
0 1

1 0

« „
0

v/
√

2

«
=

„
v/
√

2

0

«
�= 0 broken!

τ2�φ�0 =

„
0 −i
i 0

« „
0

v/
√

2

«
=

„
−iv/

√
2

0

«
�= 0 broken!

τ3�φ�0 =

„
1 0

0 −1

« „
0

v/
√

2

«
=

„
0

−v/
√

2

«
�= 0 broken!

Y �φ�0 = Yφ�φ�0 = +1�φ�0 =

„
0

v/
√

2

«
�= 0 broken!

Chris Quigg (FNAL) Potential Discoveries at the LHC Swieca XVI · 7–11.2.2011 32 / 177
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Examine electric charge operator Q on the (neutral) vacuum

Q�φ�0 = 1

2
(τ3 + Y )�φ�0

= 1

2

�
Yφ + 1 0

0 Yφ − 1

�
�φ�0

=

�
1 0
0 0

� �
0

v/
√

2

�

=

�
0
0

�
unbroken!

Four original generators are broken, electric charge is not

SU(2)L ⊗ U(1)Y → U(1)em (will verify)

Expect massless photon

Expect gauge bosons corresponding to

τ1, τ2,
1

2
(τ3 − Y ) ≡ K to acquire masses

Chris Quigg (FNAL) Potential Discoveries at the LHC Swieca XVI · 7–11.2.2011 34 / 177
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Expand about the vacuum state

Let φ =

�
0

(v + η)/
√

2

�
; in unitary gauge

Lscalar =
1

2
(∂µη)(∂µη)− µ2η2

+
v 2

8
[g 2

��b1

µ − ib2

µ

��2 + (g �Aµ − gb3

µ)
2
]

+ interaction terms

“Higgs boson” η has acquired (mass)
2 M2

H
= −2µ2 > 0

Define W±
µ =

b1

µ ∓ ib2

µ√
2

g 2v 2

8
(
��W +

µ

��2 +
��W−

µ

��2)⇐⇒ MW± = gv/2
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(v 2/8)(g �Aµ − gb3
µ)

2 . . .

Now define orthogonal combinations

Zµ =
−g �Aµ + gb3

µ�
g 2 + g �2

Aµ =
gAµ + g �b3

µ�
g 2 + g �2

MZ 0 =
�

g 2 + g �2 v/2 = MW

�
1 + g �2/g 2

Aµ remains massless
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LYukawa = −ζe
(v + η)√

2
(ēReL + ēLeR)

= −ζev√
2
ēe − ζeη√

2
ēe

electron acquires me = ζev/
√

2

Higgs-boson coupling to electrons: me/v (∝ mass)

Desired particle content . . . plus a Higgs scalar

Values of couplings, electroweak scale v?

Then analyze interactions . . .
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The importance of the 1-TeV scale

EW theory does not predict Higgs-boson mass,

but partial-wave unitarity defines tipping point

Gedanken experiment: high-energy scattering of

W
+
L W

−
L Z

0
LZ

0
L/
√

2 HH/
√

2 HZ
0
L

L: longitudinal, 1/
√

2 for identical particles
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The importance of the 1-TeV scale . .

In HE limit, s-wave amplitudes ∝ GFM2
H

lim
s�M2

H

(a0)→
−GFM2

H

4π
√

2
·





1 1/
√

8 1/
√

8 0

1/
√

8 3/4 1/4 0

1/
√

8 1/4 3/4 0

0 0 0 1/2





Require that largest eigenvalue respect partial-wave

unitarity condition |a0| ≤ 1

=⇒ MH ≤
�

8π
√

2

3GF

�1/2

= 1 TeV

condition for perturbative unitarity
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The importance of the 1-TeV scale . . .

If the bound is respected

weak interactions remain weak at all energies

perturbation theory is everywhere reliable

If the bound is violated

perturbation theory breaks down

weak interactions among W
±, Z , H

become strong on 1-TeV scale

New phenomena are to be found in the EW interactions
at energies not much larger than 1 TeV
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Higgs boson: massive particle with spin zero
hides electroweak symmetry

gives mass to W and Z
gives mass to electron, quarks, etc.

Not yet observed!

Theory does not predict Higgs-boson mass

“Standard” Electroweak Theory
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H1 e+p 1994–2007 (preliminary)

H1 e–p 1994 –2007 (preliminary)

ZEUS e+p 2006 – 07 (preliminary)NC
ZEUS e–p 2005– 06

SM e–p (HERAPDF 0.1)

SM e+p (HERAPDF 0.1)

Pe = 0
y < 0.9

HERA I and II

H1 e+p 2003–04 (preliminary)

H1 e–p 2005 (preliminary)

ZEUS e+p 2006 – 07 (preliminary)

ZEUS e–p 2004–06

SM e–p (HERAPDF 0.1)

SM e+p (HERAPDF 0.1)
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Similar strengths of weak & EM couplings
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Electroweak Theory Survives Many Tests
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Electroweak Theory Anticipates Discoveries
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Man kann Maxwells wunderbare elektromagnetische Lichttheorie nicht 
studieren, ohne bisweilen die Empfindung zu haben, als wohne den 
mathematischen Formeln selbständiges Leben und eigener Verstand inne, 
als seien dieselben klüger als wir, klüger sogar als ihr Erfinder, als gäben sie 
uns mehr heraus, als seinerzeit in sie hineingelegt wurde.

One cannot study Maxwell’s marvelous electromagnetic theory of light 
without sometimes having the feeling that these mathematical formulae 
have an independent existence and an intelligence of their own, that they 
are wiser than we are, wiser even than their discoverers, that we got more 
of them than was originally put into them.

Heinrich Hertz, “Über die Beziehungen zwischen Licht und Elektrizität,”
Gesammelte Werke I S. 339-354: S. 344.
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EW theory holds from 10-18 m to 108 m 

It is unlikely to be complete
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Consistent to MPlanck if 134 GeV∼< MH ∼< 177 GeV

quantum
corrections
disfavor

Chris Quigg (FNAL) Potential Discoveries at the LHC Swieca XVI · 7–11.2.2011 149 / 177

Limits of  Validity of the Electroweak Theory
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✴ A force of a new character, based on 
interactions of an elementary scalar

✴ A new gauge force, perhaps acting on 
undiscovered constituents

✴ A residual force that emerges from strong 
dynamics among electroweak gauge bosons

✴ An echo of extra spacetime dimensions

An unknown agent 
hides electroweak symmetry
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Imagine a world without a symmetry-breaking
(Higgs) mechanism at the electroweak scale

Why will it matter?
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Without a Higgs mechanism …

Electron and quarks would have no mass
QCD would confine quarks into protons, etc.
        Nucleon mass little changed
Surprise: QCD would hide EW symmetry, 
        give tiny masses to W, Z
Massless electron: atoms lose integrity 
No atoms means no chemistry, no stable 
composite structures like liquids, solids, …

    arXiv:0901.3958
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Electroweak Questions for the LHC

What hides electroweak symmetry: a Higgs boson, or

new strong dynamics?

If a Higgs boson: one or several?

Elementary or composite?

Is the Higgs boson indeed light, as anticipated by the

global fits to EW precision measurements?

Does H only give masses to W
±

and Z
0
, or also to

fermions? (Infer tt̄H from production)

Are the branching fractions for f f̄ decays in accord

with the standard model?

If all this: what sets the fermion masses and mixings?

Chris Quigg (FNAL) Potential Discoveries at the LHC Swieca XVI · 7–11.2.2011 41 / 177
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Problems of the Standard Model
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What makes a top quark a top quark,
an electron an electron, a neutrino a neutrino?

The Problem of Identity

Why three families?
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Parameters of the Standard Model

3 coupling parameters αs, αem, sin2 θW

2 parameters of the Higgs potential

1 vacuum phase (QCD)

6 quark masses

3 quark mixing angles

1 CP-violating phase

3 charged-lepton masses

3 neutrino masses

3 leptonic mixing angles

1 leptonic CP-violating phase (+ Majorana . . . )

26
+

arbitrary parameters
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Might extra dimensions explain
the range of fermion masses?

eRLq uR
dR

Le

Fermions ride separate tracks in 5th dimension
Small offsets in x4: exponential differences in masses
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SuperK Atmospheric Neutrinos

!"#$%&'()*+

,-.- /012, 12

")3

,44*. /012

Downward ν travel 15 km, upward ν up to 13 000 km

Chris Quigg (Fermilab) Cosmic & Relic Neutrinos Israel Joint Theory Seminar 11 / 67
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Solar neutrino observations: SuperK & SNO
Total flux agrees with solar model, but only 30% arrive as νe

Solar ν emerge as ν2

)-1 s-2 cm
6

 10! (e!
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BS05
!

 68%, 95%, 99% C.L.!!
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!
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KATRIN aims at 0.2 eV
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Will the fermion masses and mixings reveal
symmetries or dynamics or principles?

Some questions now seem to us the wrong questions:
Kepler’s obsession – Why six planets in those orbits?

Landscape interpretation as environmental parameters

Might still hope to find equivalent of Kepler’s Laws!
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The Hierarchy Problem

Evolution of the Higgs-boson mass

M
2
H
(p

2
) = M

2
H
(Λ

2
) + ! !

quantum corrections from particles with J = 0, 1
2 , 1

Potential divergences:

M
2
H
(p

2
) = M

2
H
(Λ

2
) + Cg

2

� Λ2

p2

dk
2
+ · · · ,

Λ: naturally large, ∼ MPlanck or ∼ U ≈ 10
15−16

GeV

How to control quantum corrections?
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The Hierarchy Problem

Str
ings?

1018

Planck s
cale

Quantum gravity
?

[A PUZZLE RAISED BY THE HIGGS]

 

Unexplained gap

Limit of LHC

Stro
ng-electro

weak 

uni!catio
n sc

ale?

Electroweak scale

Electron

Neutrino masses

Muon

Top

Bottom

Tau

Charm

Proton

Neutron

10–6

10–3

100

103

106

109

1012

1015

10–9

Higgs
Up Down

Strange Z
W

H

Energy Scale (GeV)

How to keep the distant scales from mixing in the face of

quantum corrections? OR

How to stabilize the mass of the Higgs boson on the

electroweak scale? OR

Why is the electroweak scale small?
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The Hierarchy Problem

Possible paths

Fine tuning

A new symmetry (supersymmetry)

fermion, boson loops contribute with opposite sign

Composite “Higgs boson” (technicolor . . . )

form factor damps integrand

Little Higgs models, etc.

Low-scale gravity (shortens range of integration)

All but first require new physics near the TeV scale

Chris Quigg (FNAL) Potential Discoveries at the LHC Swieca XVI · 7–11.2.2011 156 / 17782



A Delicate Balance . . . even for Λ = 5 TeV

δM2
H

=
GFΛ

2

4π2
√
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W
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Light Higgs + no new physics: LEP Paradox

Chris Quigg (FNAL) Potential Discoveries at the LHC Swieca XVI · 7–11.2.2011 154 / 17783



Why is empty space so nearly massless?
Natural to neglect gravity in particle physics . . .

Gravitational ep interaction ≈ 10−41× EM

GNewton small ⇐⇒ MPlanck =

�
�c

GNewton

� 1

2

≈ 1.22× 1019 GeV large

q

q

G ∼

E

MPlanck

300 years after Newton: Why is gravity weak?
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But gravity is not always negligible . . .
The vacuum energy problem

Higgs potential V (ϕ†ϕ) = µ2
(ϕ†ϕ) + |λ| (ϕ†ϕ)

2

At the minimum,

V (�ϕ†ϕ�0) =
µ2v 2

4
= − |λ| v 4

4
< 0.

Identify M2

H
= −2µ2

V �= 0 contributes position-independent vacuum energy density

�H ≡
M2

H
v 2

8
≥ 10

8
GeV

4 ≈ 10
24

g cm
−3

Adding vacuum energy density �vac ⇔ adding cosmological constant

Λ to Einstein’s equation

Rµν − 1

2
Rgµν =

8πGN

c4
Tµν + Λgµν Λ =

8πGN

c4
�vac
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Observed �vac∼< 10−46 GeV
4

0.0 0.5 1.0
0.0

0.5

1.0

1.5

FlatBAO

CMB

SNe

Supernova Cosmology Project
Kowalski, et al., Ap.J. (2008)

m

Union 08
SN Ia 

compilation

�H ∼> 108 GeV4: mismatch by 1054

A chronic dull headache for thirty years . . .
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SNLS-3  years results!SuperNova Legacy Survey!SNLS SNLS 

Combining SNLS_3 with other cosmological probes : !

BAO + WMAP7 + Flat !

Sullivan et al, 2011, in prep!

Accelerated Expansion Consistent with Cosmo. Constant
w

 =
 p

/ρ
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a(t)

Radiation

Matter

Λ

Composition of the Universe (?)
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SCDM

ΛCDM2 FERMILAB–Pub–04/368–T

parameter through the deceleration parameter,

q ≡ −
1

H2

R̈

R
=

Λ

3H2
−

4πGN

3H2
(ρ + 3p) , (2)

where p is the isotropic pressure. If we define Λ =
4πGNρΛ and introduce the equation of state wi = pi/ρi

for any component of the universe, we can recast the de-
celeration parameter as

q = 1
2

∑

i Ωi(1 + 3wi) = 1
2 (Ωtot + 3

∑

i Ωiwi) . (3)

The equation of state of pressureless matter is wm = 0,
and that of radiation is wr = 1

3 . We see by inspection of
Eq. (2) that wΛ = −1.

The ΛCDM proposal is parsimonious in its introduc-
tion of a single parameter, ΩΛ, but offers no explanation
for the peculiar circumstance that ΩΛ ≈ Ωm at the cur-
rent epoch—and no other—in the history of the universe.
It is interesting to probe the range of interpretations that
reproduce the observed features of the universe.

We investigate here the possibility that the physical
characteristics of the vacuum energy vary with time,
specifically with the number of e-foldings of the scale fac-
tor, with an equation of state

wv(a) = − cos(ln a) (4)

that matches the inference that wv0 ≈ −1 in the current
universe.3 We assign the vacuum energy a weight Ωv0 =
0.7, in line with observations, and take Ωm0 = 0.3 and
Ωr0 = 4.63 × 10−5. The present-day expansion rate is
H0 = 100 h km s−1 Mpc−1, with h = 0.71+0.04

−0.03 [17].
Because over one period the equation of state (4) aver-

ages to zero (the equation of state of pressureless matter),
the cosmic coincidence problem is resolved. We plot in
Figure 1 the normalized energy densities of matter, ra-
diation, and vacuum energy as functions of the scale pa-
rameter a. These are given in terms of the normalized
densities now as ρm/ρc0 = Ωm0/a3, ρr/ρc0 = Ωr0/a4,
and ρv/ρc0 = g(a)Ωv0/a3, where

g(a) = e
3
∫

1

a

da′ w(a′)/a′

= e3 sin(ln a) . (5)

Looking back in time to the epoch of big-bang nucle-
osynthesis at a ≈ 10−10, and forward to a = 10+10, we
see that the vacuum energy density crosses the matter
density every π e-foldings of the scale factor. These reg-
ular crossings stand in sharp contrast to the ΛCDM cos-
mology, in which Λv ≈ Λm only in the current epoch.
Periodically dominant dark energy is in the spirit of
Refs. [18, 19].

3 Equations of state involving cos(ln a) have been explored, to a
different end, in Ref. [16].

FIG. 1: Lower panel: Evolution of the matter (thin cyan),
radiation (magenta, steepest line), and vacuum (thick blue)
energy densities in the undulant universe, normalized to the
critical density ρi/ρc0, versus the scale factor a(t). Upper
panel: Equation of state, Eqn. (4), of the undulant vacuum.

The Hubble parameter is now given by

H(a) = H0

√

Ωm

a3
+

g(a)Ωv

a3
+

Ωr

a4
, (6)

and the current age of the universe, t0 =
∫ 1
0 da/H(a)a, is

13.04 Gyr, to be compared with 13.46 Gyr in the ΛCDM
model. Both values are in good agreement with the age of
(12.9 ± 2.9) Gyr inferred from globular clusters [20]. By
calculating the time to reach a given scale factor, we can
determine the history and future of the universe. During
the radiation dominated era, which corresponds to a <

∼
10−5, a(t) ∝ t1/2; when matter dominates, a(t) ∝ t2/3.

We show the results for three cosmologies in Figure 2.
The dashed (red) line corresponds to the “standard cold
dark matter” (SCDM) cosmology that was canonical be-
fore the discovery of the accelerating universe. The thin
solid (black) line shows the ΛCDM cosmology, in which
the present epoch marks the beginning of a final infla-
tionary period that leads to an empty universe in which
matter is a negligible component. The heavy (blue) line
shows the prediction of Eqn. (4). In the recent past, the
periodic equation of state matches the behavior of the
ΛCDM cosmology, but in the future it undulates about
the SCDM prediction.

The expansion of the undulant universe is character-
ized by alternating periods of acceleration and deceler-
ation shown by the deceleration parameter in Figure 3.
For scale factors a between 0.1 and 1, the periodic equa-

Accelerating expansion has remarkable implications
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a ∝ t1/2

a ∝ t2/3

SCDM

ΛCDM

Accelerating expansion has remarkable implications
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Lacunae

(Massive Neutrinos)
Dark Matter Candidates

Baryon-Antibaryon Asymmetry
Charge Quantization
Absence of Gravity
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More Electroweak Questions for the LHC

What is the agent that hides electroweak symmetry?

Is the “Higgs boson” elementary or composite? How

does the Higgs boson interact with itself? What

triggers electroweak symmetry breaking?

New physics in pattern of Higgs-boson decays?

Will (unexpected or rare) decays of H reveal new

kinds of matter?

What would discovery of > 1 Higgs boson imply?

What stabilizes MH below 1 TeV?

How can a light H coexist with absence of new

phenomena?

Is EWSB related to gravity through extra spacetime

dimensions?
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More Electroweak Questions for the LHC
bis

Is EWSB emergent, connected with strong dynamics?

If new strong dynamics, how can we diagnose? What

takes place of H?

Does the Higgs boson give mass to fermions, or only

to the weak bosons? What sets the masses and

mixings of the quarks and leptons?

Does the different behavior of left-handed and

right-handed fermions with respect to charged-current

weak interactions reflect a fundamental asymmetry in

the laws of nature?
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More Electroweak Questions for the LHC
ter

What will be the next symmetry recognized in Nature?
Is Nature supersymmetric? Is the electroweak theory
part of some larger edifice?

Are there additional generations of quarks and
leptons?

What resolves the vacuum energy problem?

What lessons does electroweak symmetry breaking
hold for unified theories of the strong, weak, and
electromagnetic interactions?
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How are we prisoners of conventional thinking?
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?
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Great Lesson of XXth Century Science

The human scale of space & time is not 
privileged for understanding Nature . . .

and may even be disadvantaged
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Thank you!
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